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A Piezoelectric Composite 



Field of the Invention 

The present invention relates to a piezoelectric composite which are suitable for 
5 an ultrasonic probe equipped in a transmitting and receiving device such as an ultrasonic 
diagnostic machine and an ultrasonic flaw detector, utilizing a resonance movement in 
the thickness direction of the piezoelectric composite (that is, a resonance movement in 
the longitudinal vibration). 

Conventionally, a piezoelectric composite has been prepared by combining a 
10 piezoelectric ceramic having a high coefficient of electromechanical coupling with a 
polymer material having a low acoustic impedance, and therefore, it has been used in an 
ultrasonic probe as a piezoelectric transducer having a high coefficient of 
electromechanical coupling together with a low acoustic impedance. 

While the ultrasonic probe is used in a transmitting and receiving device such as 
15 an ultrasonic diagnostic machine and an ultrasonic flaw detector, a voltage is applied to 
the ultrasonic probe to generate a sound wave, which is reflected on an object, and then, 
the returned sound wave is received by the ultrasonic probe, to be changed into a voltage 
signal for showing up on an image. 

A piezoelectric transducer, which changes an electricity into a sound wave 
20 (alternatively, changes a sound wave into an electricity) in the ultrasonic probe, is 
generally made of a piezoelectric ceramic having a significantly high coefficient of 
electromechanical coupling, such as lead zirconate titanate (that is hereinafter referred to 
as "PZTs"), a single crystal of lead zinc niobate titanate (that is hereinafter referred to as 
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"PZNT"). It is noted that such a single crystal is not defined as a ceramic in a precise 
sense, but the single crystal is included in the ceramic in the present invention. 

However, the piezoelectric ceramic has a large gravity so that it has an acoustic 
impedance as high as 30Mrayl, approximately, the acoustic impedance being obtained by 
5 the following formula: (gravity) X (sound velocity). Thus, a sound wave cannot be 
efficiently transmitted because of the difference in the acoustic impedance therebetween 
in the case where the object is of an organic material having a low acoustic impedance, 
although the piezoelectric ceramic has a high coefficient of electromechanical coupling. 
In addition, where the object has a relatively high gravity, and where an intermediate 
10 layer or a medium to the object is of a material such as water or an organic substance, a 
sound wave cannot be transmitted efficiently because of the difference of the acoustic 
impedance. 

Thus, it has been expected to prepare a piezoelectric composite having a high 
coefficient of electromechanical coupling together with a relatively low acoustic 
15 impedance. 

The piezoelectric composite is a composite material of a piezoelectric ceramic, 
having a high gravity and a high coefficient of electromechanical coupling, integrated 
with a polymer material, having a low gravity and a low acoustic impedance. Thus, the 
piezoelectric composite has a structure having a reduced acoustic impedance with 
20 maintaining a high coefficient of electromechanical coupling. 

Generally, as the piezoelectric composite includes the piezoelectric ceramic at a 
lower volume ratio (that is, a ratio occupied by the piezoelectric ceramic in total), the 
acoustic impedance thereof is getting lower. However, a lower volume ratio of the 



piezoelectric ceramic results in a lower coefficient of the electromechanical coupling, 
because of the increase of a factor by the polymer which restricts a vibration movement 
of the piezoelectric ceramic. On the contrary, the higher the coefficient of 
electromechanical coupling is, the higher the acoustic impedance is. 
5 As a polymer for the piezoelectric composite, silicone rubber materials having a 

soft and elastic property can be exemplified, which gives a piezoelectric composite 
having a high coefficient of electromechanical coupling although the piezoelectric 
ceramic is included even at a relatively low volume ratio. However, such silicone rubber 
materials are adverse in affinity with an adhesive agent, which is necessary for producing 

10 an ultrasonic probe, and are significantly bad in processing character in a cutting process, 
and therefore, they are not suitable in practically producing an ultrasonic probe. In 
addition, a piezoelectric composite generally has electrodes formed on the upper and 
lower surfaces for taking out electricity therefrom, and the silicone rubber materials are 
also adverse in affinity with the electrodes, so that they are disadvantageous in producing 

15 an ultrasonic probe, as explained above. Further, a polymer generally has a low bulk 
density, but it is as low as 1. Therefore, there is a limitation in reducing an acoustic 
impedance with keeping a high coefficient of the electromechanical coupling. 

Summary of the Invention 
20 In view of the above, the present invention, as explained above, has the objectives 

in the prior art to be solved, providing a piezoelectric composite having a high coefficient 
of electromechanical coupling and a low acoustic impedance, that is also excellent in 



3 



processing character during producing an ultrasonic probe without accompanied with any 
problems as explained above. 

The objectives of the present invention are accomplished by providing a 
piezoelectric composite comprising, as main components, a piezoelectric ceramic and a 
5 polymer having a bulk density of 0.4g/cm 3 or less, the polymer including bubbles 
dispersed therein. 

In general, the piezoelectric composite of the present invention has a structure 
made of a piezoelectric material, that is an integrated body of a piezoelectric ceramic 
(noting that a single crystal is included in the present invention,) and a polymer, as main 

10 components. Depending on the configuration of the piezoelectric ceramic and the 
polymer, the piezoelectric composite is generally referred to as "1-3 composite," "2-2 
composite," "0-3 composite," or "3-0 composite." The numbers such as "1-3," "2-2," "0- 
3" and "3-0" express the number of the end surfaces of the piezoelectric ceramic 
appearing in the x, y and z directions, and the number of the end surfaces of the polymer 

1 5 appearing in the x, y and z directions. 

Brief Description of the Drawings 

Fig. 1 illustratively shows a piezoelectric composite of an embodiment of the 
present invention, without showing electrodes. 
20 Fig. 2 illustratively shows a piezoelectric composite of another embodiment of the 

present invention, without showing electrodes. 

Fig. 3 illustratively shows a piezoelectric composite of another embodiment of the 
present invention, without showing electrodes. 
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Detailed Description of the Invention 

The present invention is hereinafter described in detail based on a drawing of a 
best mode. 

5 First, the piezoelectric composite as shown in Fig. 1 is explained as follows. Fig. 

1 illustratively shows a piezoelectric composite in an 1-3 type. The piezoelectric 
composite as shown in Fig. 1 has an end surface appearing a piezoelectric ceramic in one 
direction of x, y or z (namely, in the longitudinal direction), and end surfaces appearing a 
polymer in the three directions of x, y and z, and therefore, the embodiment is referred to 

10 as "1-3 composite." The piezoelectric composite of the 1-3 type is further described as 
follows: It has a plurality of rectangular columns of a piezoelectric ceramic 1 
independently standing, whose surroundings are positioned by a polymer 2 including 
bubbles dispersed therein. The bubbles are not shown in the drawing. The polymer thus 
has a bulk density of 0.4g/cm 3 or less. The piezoelectric composite generally has 

15 electrodes formed on the upper and lower surfaces. For clarification of the configuration 
of the piezoelectric ceramic 1 and the polymer 2, the electrodes are not shown in the 
drawing, but the piezoelectric composite of the drawing generally has electrodes formed 
on the upper and lower surfaces. In Figs 2 and 3 showing the piezoelectric composites, 
the electrodes are also abbreviated therein, but the embodiments generally have 

20 electrodes formed on the upper and lower surfaces. Also, the piezoelectric ceramic 
shown in Figs. 1 to 3 are colored for the purpose to visually distinguish the piezoelectric 
ceramic 1 from the polymer 2. 
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Fig. 2 illustratively shows a piezoelectric composite in a 2-2 type. The 
piezoelectric composite as shown in Fig. 2 has end surfaces appearing a piezoelectric 
ceramic 1 in the two directions of x, y and z, and end surfaces appearing a polymer 2 in 
the two directions of x 5 y and z. The embodiment is thus referred to as a "2-2 
5 composite." The piezoelectric composite of the 2-2 composite as shown in Fig. 2 is 
further described as follows: It has a piezoelectric ceramic 1 and a polymer 2, each being 
shaped into a rectangular plate and combined one with the other by positioning 
alternately. The polymer 2 includes bubbles dispersed therein, which are not shown in 
the drawing, thereby having a bulk density of 0.4g/cm 3 or less. 

10 The scope of the present invention does not include a "3-0 composite," in which 

there is no end surface of a polymer, because of the limitations of the production method. 
However, in addition to the embodiments of the 1-3 composite and 2-2 composite as 
shown above, the scope of the present invention should include an embodiment of a 
piezoelectric composite having a lower surface entirely formed by a piezoelectric ceramic 

15 1, as shown in Fig. 3. The piezoelectric composite as shown in Fig. 3 is further described 
as follows: It is a modification of the piezoelectric composite of the 1-3 type, as shown 
in Fig. 1, by providing a further piezoelectric ceramic 1 entirely formed on the lower 
surface thereof. Thus, the rectangular columns of the piezoelectric ceramic 1 are 
connected to each other at the lower surface, and a polymer 2 is positioned at the 

20 surroundings of the rectangular columns. The polymer 2 includes bubbles dispersed 
therein, which are not shown in the drawing, thereby having a bulk density of 0.4g/cm 3 or 
less. 
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The piezoelectric composite of the present invention is featured to comprise a 
piezoelectric ceramic and a polymer having a bulk density of 0.4g/cm 3 or less, the 
polymer including bubbles dispersed therein, as main components. It would be 
considered that the state of the bubbles dispersed in the polymer reduces the polymer 
5 from restricting the piezoelectric ceramic' vibration, so that a coefficient of the 
electromechanical coupling can be kept high, even though the volume ratio of the 
piezoelectric ceramic is kept low. 

Also, the piezoelectric composite of the present invention includes bubbles 
dispersed in a polymer, thereby reducing its gravity, and thus resulting in becoming 
10 advantageous in reducing an acoustic impedance. 

According to the present invention, the piezoelectric ceramic of the piezoelectric 
composite means a material to show a piezoelectric property at the time when it is 
applied to a polarization treatment between the electrodes formed thereon. The ceramic 
preferably includes PZT ceramic materials (that is, a lead zirconate titanate ceramic), a 
15 PZNT single crystal (that is, a single crystal of lead zinc niobate titanate), a single crystal 
of lead magnesium niobate titanate (PMNT), a ceramic of lead niobate, a ceramic of lead 
titanate, and a ceramic of bismuth titanate, in view of having a high coefficient of 
electromechanical coupling. 

The polymer, which can be used in the piezoelectric composite of the present 
20 invention, may include an epoxy polymer, an acrylic polymer, an urethane polymer and 
the like, and in particular, it is preferable to use a relatively solid resin, such as an acrylic 
polymer and an epoxy polymer, in case of the needs of a strict mechanical processing 
character. It is noted that in accordance with the present invention, any polymer can be 
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used to produce a piezoelectric composite having a reduced acoustic impedance with 
keeping a high coefficient of electromechanical coupling. 

The piezoelectric composite of the present invention can be prepared by a first 
step for forming a plurality of grooves on a ceramic by means of a mechanical process; 
5 and a second step for filling a polymer powder into the grooves, the polymer powder 
enclosing a liquid which is to be gasified at a predetermined temperature, followed by 
being subjected to a heat treatment to form the polymer having a bulk density of 0.4g/cm 3 
or less, integrated with the ceramic. If necessary, the preparation method of the 
piezoelectric composite can be accompanied with a third step for removing an extra 

10 polymer and ceramic to adjust the thickness. Upon the formation of the grooves and the 
integration with the polymer, a ceramic is generally used which is not yet subjected to a 
polarization treatment, and then, electrodes are formed and subjected to the polarization 
treatment. Alternatively, a piezoelectric ceramic already subjected to a polarization 
treatment can be used, on which grooves are formed followed by integrating it with the 

1 5 polymer. 

Upon the production of the piezoelectric composite of the present invention, a 
polymer powder enclosing a liquid is used, which is designed to be heated at a 
predetermined temperature so as to soften the polymer and vaporize the liquid enclosed 
in the polymer powder. The examples of the polymer includes an acrylonitrile copolymer 
20 enclosing a liquid such as isobutene, isopentane, n-pentane and n- hexane, and an 
urethane or epoxy resin enclosing a liquid such as isobutene and isopentane. 

The polymer powder enclosing the liquid as exemplified is filled into the grooves 
formed in the ceramic, followed by heating it at a predetermined temperature. The 



raising of the pressure by the vaporized liquid and the softening of the polymer can 
expand the polymer, working to adhere and integrate it with the ceramic, thereby to form 
a polymer having an extremely low bulk density. Then, if necessary, the surfaces thereof 
are ground on the purpose of removing an extra ceramic and excessively adhered 
5 polymer or on the purpose of adjusting the thickness. Then, electrodes are formed by 
means of a sputtering, vacuum deposition and plating process. After forming the 
electrodes, a direct-current voltage is applied between the electrodes to subject it to a 
polarization treatment, producing a piezoelectric composite. For example, upon 
producing the piezoelectric composite of the 1-3 type* as shown in Fig. 1, a body as 

10 shown in Fig. 3 is first prepared, and then, the piezoelectric ceramic positioned on the 
lower surface is ground to expose the polymer 2 at the lower surface. However, the body 
as shown in Fig. 3 can be used as it is, and in such a case, it is unnecessary to remove the 
piezoelectric ceramic 1 formed on the lower surface. 

According to the present invention, the polymer in the piezoelectric composite 

15 density has a bulk density of 0.4g/cm 3 or less. If the bulk density is higher than that, the 
restriction by such a polymer may become significant or reduce a coefficient of the 
electromechanical coupling, where a volume ratio of the polymer in a piezoelectric 
composite is the same as the product of the present invention. The bulk density of the 
polymer can be reduced as low as 0.05g/cm 3 , but in a practical point of view, the lower 

20 limit of the bulk density may be 0. 1 g/cm 3 . 

Upon the mechanical process for forming the groove in the production of the 
piezoelectric composite, a sheer, a dicing saw and the like can be preferably used. 
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Examples, 

The present invention is hereinafter described in more detail based on the 
Examples. However, the present invention should not be construed to be limited into the 
Examples. 

5 

Example 1 

As a ceramic for the piezoelectric ceramic, a PZT ceramic material was provided, 
which had a coefficient of the electromechanical coupling k33 of 80%, and a bulk density 
of 7.8g/cm 3 . 

10 The ceramic was formed to have a shape of a plate having a thickness of 1 .00mm, 

on which grooves, each having a depth of 0.800mm, were formed to be parallel to one 
side of the ceramic plate, at an interval of 200 \i m, by using a blade having a width of 
100 /z m of a dicing saw. Then, grooves were formed in the perpendicular direction of 
the above, in the same manner, to form a PZT ceramic having a structure in which a 

15 plurality of rectangular columns standing, each having a size of 100 m X 100 /z m X 800 
ix m. 

Then, an acrylonitrile copolymer resin enclosing isopentane were filled into the 
grooves formed on the PZT ceramic, followed by heating it at a temperature of 150°C for 
a period of 5 minutes, to integrate the acrylonitrile copolymer resin with the PZT ceramic, 
20 the copolymer including bubbles dispersed therein. Then, the excess resin and PZT 
ceramic were removed by using a both sides grinder, adjusting the thickness, to form an 
1-3 composite comprising the PZT ceramic at a volume ratio of 25%, having a thickness 
of 0.60mm, each unit of the PZT ceramic having a size of 1 00 \i m X 1 00 jll m. 

10 



The geometric size of the 1-3 composite obtained was measured by using a 
micrometer and a vernier caliper, and the weight was measured by a precision balance, to 
calculate the bulk density of the 1-3 composite. The results are shown in Table 1 below. 
The bulk density of the polymer component in the 1-3 composite was calculated to be 
5 0.2g/cm 3 . 

For the purpose to form electrodes on the upper and lower surfaces of the 
obtained 1-3 composite, a Ni chemical (electroless) plating process was applied on the 
upper and lower surfaces of the obtained 1-3 composite, followed by applying an Au 
chemical (electroless) plating process, so as to form electrodes comprising Ni having a 
10 thickness of 0.7 \x m, and Au having a thickness of 0.3 ix m thereon. 

The four surfaces of the 1-3 composite were cut into a predetermined size, and 
then, a direct-current voltage of lkV/mm was applied at a temperature of 100°C to carry 
out a polarization treatment, so as to obtain an 1-3 composite, as objective. 

Frequency and impedance properties of the 1-3 composite were measured by 
15 Impedance Analyzer 4 194 A made by Hewlett-Packard Co. Using the measured resonant 
frequency (fr) and antiresonant frequency (fa) of the longitudinal vibration (in the 
thickness vibration), a "k constant (kt)" in the thickness direction was calculated in 
accordance with the test method of a piezoelectric ceramic transducer by the Electronic 
Material Manufactures Association of Japan. The results are shown in Table 1. The 
20 obtained resonant frequency (fr) and the bulk density were used to calculate an acoustic 
impedance. The results are shown in Table 1 below. 

For the purpose of researching the processing character of the piezoelectric 
composite, a resin for an acoustic matching layer was applied on one of the electrode 

11 



surfaces at a thickness of 0.6mm, followed by cutting it by means of a dicing saw into a 
size of 10mm X 0. 1mm, to form 50 test pieces having a thickness of 1 .2mm shaped into a 
strip having a size of 1 0mm X 0.1mm. The cut surfaces of the test pieces were observed 
by a physical microscope to research the presence of the peeling of the electrodes and the 
cracking of the piezoelectric composite. The results are also shown in Table 1. 

Comparative Example 1 

Except using the 1-3 composite as prepared here, Comparative Example 1 was 
carried out in the same manner as Example 1. Similar to Example 1, a PZT piezoelectric 
ceramic having rectangular columns standing, each having a size of 100 jlc m X 100 \i m X 
800 \x m, was used. Into the grooves thereof, an acrylonitrile copolymer resin having a 
bulk density of the resin as l.lg/cm 3 was filled, followed by setting it to prepare an 1-3 
composite. The obtained 1-3 piezoelectric composite had a volume ratio of 25%. 

On the 1-3 piezoelectric composite of the Comparative Example 1, a bulk density, 
kt value, and processing character were researched in the same manner as Example 1. 
The results are shown in Table 1 . 

Comparative Example 2 

Except using the 1-3 composite as prepared here, the piezoelectric composite of 
Comparative Example 2 was prepared in the same manner as Example 1. Similar to 
Example 1, a PZT piezoelectric ceramic having rectangular columns standing, each 
having a size of 100// mX 100 m mX 800 ix m, was used. Into the grooves thereof, a 
silicone rubber adhesive agent, having a bulk density of the silicone rubber of 1.0g/cm 3 , 
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was filled, followed by setting it to prepare an 1-3 composite. The obtained 1-3 
piezoelectric composite had a volume ratio of 25%. 

On the 1-3 piezoelectric composite of the Comparative Example 2, a bulk density, 
kt value, and processing character were researched in the same manner as Example L 
5 The results are shown in Table 1 . It is noted that the processing character (based on the 
peeling of the electrodes and the crack of the piezoelectric composite) was evaluated as 
follows: The number of the test pieces used in the evaluation is shown in the 
denominator (each of the test pieces having a thickness, shaped in a strip form having a 
size of 1 Omm X 0.1 mm, in a state of applying an resin for an acoustic matching layer), 
10 and the number of the test pieces showing any electrodes' peeling or any crack on the 
composite is shown in the numerator, as shown in Table 1 . 



Table 1 



Properties 


Example 1 


Comp. 
Example 1 


Comp. 
Example 2 


Bulk density (g/cm 3 ) 


2.10 


2.80 


2.72 


kt (%) 


72 


60 


69 


Acoustic Impedance 
(Mrayl) 


4.9 


8.0 


7.2 


Processing Character: 
Peeling of the Electrodes 
(pieces / 50 pieces) 


0/50 


0/50 


35/50 


Processing Character: 


0/50 


0/50 


8/50 
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Cracking 

(pieces / 50 pieces) 









Apparent from the results shown in Table 1, the piezoelectric composite of 
Example 1, although it had the same volume ratio as the conventional piezoelectric 
composites of Comparative Examples 1 and 2, was found to have a higher "kt" value, 
5 that is, a coefficient of electromechanical coupling, and a lower acoustic impedance, and 
in addition a better processing character, which is necessary in producing an ultrasonic 
probe, compared with the Comparative Examples. 

The piezoelectric composites of Comparative Examples 1 and 2 had the same 
piezoelectric ceramic, the same volume ratio, and the same 1-3 composite structure as the 
10 piezoelectric composites of Example 1. However, the piezoelectric composite of 
Comparative Example 1 had a good processing character, but it had a lower "kt" value 
and a higher acoustic impedance. Also, the piezoelectric composite of Comparative 
Example 2 had a good "kt" value, but it was bad in processing character, and in particular, 
bad in adhesiveness with the electrodes. 

15 

Industrial Applicability 

As explained above, the piezoelectric composite of the present invention has a 
reduced bulk density, a high coefficient of electromechanical coupling in spite of the 
piezoelectric ceramic having a low volume ratio, a reduced acoustic impedance and a 
20 good processing character. 
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Therefore, the piezoelectric composite of the present invention can be suitable for 
an ultrasonic probe equipped in a transmitting and receiving device such as an ultrasonic 
diagnostic machine and an ultrasonic flaw detector, utilizing a resonance movement of 
the piezoelectric composite in the direction of the thickness (that is, a resonance 
5 movement of the longitudinal vibration). 
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